This study proposes and experimentally validates a new method for the visualization of oil film flow. A photochromic dye is dissolved in the oil and an arbitrary spot of an oil film is illuminated with ultraviolet light, which makes a marker in the oil film via a photochromic reaction. The basic principle of the photochromic reaction and its application to flow visualization are described. The color density of the colored solution is quantified based on the absorbance calculated from images taken before and after coloring. The results confirm that the color density is proportional to the oil film thickness. The color density changes sufficiently slowly at room temperature to make it suitable as a marker for flow visualization. The characteristics of the coloring and fading reactions are examined. The results confirm that increase in the energy density of the ultraviolet light effectively increases the color density and that the optimal energy density of the ultraviolet light can be determined from a model formula for the coloring reaction. The color fading reaction at different temperatures is measured, and the temperature dependence of a solution of spiropyran and ester oil is quantified using an Arrhenius plot. Flow visualization is conducted in a 10-mm-thick flow channel with a complex shape. The test oil flowing through this channel is colored by the focused third harmonic of an Nd:YAG laser, and the flow velocity distribution is visualized using the proposed method. Finally, for experimental validation, the proposed method is used to visualize the movement of an oil film on the piston land of an optical engine. The proposed technique can be applied to investigate the dominant route of oil consumption and the physics involved.
Introduction
Improving the thermal efficiency of internal combustion engines is one of the most important tasks for engineers and researchers in this field. The reduction of friction loss is a promising method for this purpose. To reduce friction loss in reciprocating engines, lowtension piston rings and low-viscosity engine oil are used. However, applying these methods typically results in increased oil consumption. 1 Elucidation of the mechanism of oil consumption is required for a further reduction of friction loss without the associated oil consumption. 2 A number of experimental studies have thus been conducted to investigate oil transport phenomena around a piston. [1] [2] [3] [4] [5] [6] [7] These experiments typically visualize the oil film between the piston surface and the cylinder using laser-induced fluorescence (LIF). 1, 3, 4, 6 Flow visualization of an oil film using LIF is difficult because the fluorescence lifetime is extremely short. Numerical analyses have also been conducted to examine the behavior of oil film flow. [8] [9] [10] [11] [12] [13] [14] Experimental results for flow visualization will be useful for the validation and evaluation of numerical analysis models. If the flow velocity can be obtained using flow imaging, the mass flux of oil flow can be quantified by combining the velocity values with oil film thickness data. These data will be extremely useful for the validation of numerical analyses and the study of oil consumption. This study proposes a visualization technique based on photochromism for investigating the transport of a lubricating oil film which can be used to examine the flow of an oil film on a piston to investigate the dominant route of oil consumption in internal combustion engines, and the associated physics.
Photochromism is a light-induced reversible change of color based on a chemical reaction. The reaction changes the molecular structure of a photochromic dye and thus its absorption spectrum. Figure 1 shows an example of a photochromic reaction. As shown in the absorbance spectrum, since the colored solution absorbs green-to-blue light, the color of the solution after the photochromic reaction is red. Photochromism has been utilized in many studies, such as that on turbulent flow measurement very close to a wall by Popovich and Hummel, 15 that on flow visualization of free surfaces by Hijikata et al., 16 that on visualization of two-phase flow by Kawaji, 17 and that on measurement of liquid film thickness by Kim and Kim. 18 Photochromism thus seems applicable to flow visualization of a lubricating oil film, but such studies have not been previously conducted in the field of tribology. The use of photochromism allows the movement of arbitrary spots of oil film to be observed for a relatively long time. Authors have previously reported the results of a preliminary study that showed that flow visualization of a 10-mm-thick oil film is possible using a photochromism-based method. 19 This study applies photochromism to visualize the flow of a lubricating oil film. Here, the forward and reverse reactions of photochromism are denoted as the coloring and fading reactions, respectively. The photochromic dye used in this study is 1,3,3-trimethylindolino-6#-nitrobenzopyrylospiran (denoted as spiropyran hereafter). The molecular structure, and thus the absorption spectrum, of spiropyran changes upon exposure to ultraviolet (UV) light. Spiropyran is commonly used in flow visualization due to its good coloring characteristics. However, solidification of spiropyran was observed in a test solution dissolved in non-polar solvents, such as poly-alpha-olefin (PAO) and mineral oil. To overcome this problem, a preliminary study was conducted. It was found that ester oil is a suitable solvent for spiropyran. 20 In this study, a commercially available engine oil made of 100% ester oil (denoted as ester oil hereafter) is used. Absorbance is used to quantify the color density. The effect of UV light intensity on the coloring reaction and that of temperature on the fading reaction are also studied. In addition, the validity of the proposed method is confirmed by experiments on the flow visualization of thin oil films in a flow channel and an optical engine.
Quantification of color density
The absorption spectrum of the photochromic dye solution is changed by the photochromic reaction, shifting to a longer visible wavelength. Therefore, the measurement of light absorption at visible wavelengths in the shifted spectrum allows the determination of the color density caused by the coloring reaction. In the application of the proposed method to flow visualization, how to quantify color density and discriminate colored spots from other features in an image are the main problems. In this study, absorbance, an index of light absorption, was applied to evaluate the color density of the coloring reaction. To examine the relationship between the film thickness and the color density, a wedge-shaped volume filled with a test solution was illuminated by UV light and colored by the photochromic reaction.
Experimental apparatus and method
The experimental conditions are listed in Table 1 . Figure 2 shows a schematic diagram of the experimental apparatus. A solution of spiropyran and ester oil was used as the test oil. The concentration of spiropyran was 0.08 wt%. The test section was a wedge-like volume created by a pair of flat glass plates and a 10-mm-thick stainless steel sheet, as shown in Figure 3 . The test oil, which filled this volume, was illuminated by UV light and colored by the photochromic reaction. The UV light source was a UV lamp, which was positioned above the test section. The test oil was illuminated by UV light until its color stopped changing. Then, the lamp was removed and the test oil was photographed using a monochrome complementary metal-oxide-semiconductor (CMOS) camera under visible light provided by a light-emitting diode (LED) and passed through a two-branch light guide to improve the uniformity of the light intensity distribution over the test section. To examine the validity of the dye as a marker, the temporal change of the color density caused by the fading reaction was measured by photographing the solution at intervals of 100 s after coloring.
In this study, the color density caused by the photochromic reaction was evaluated and quantified in terms of absorbance (As), defined in equation (1), where I before and I after are the image intensities before and after coloring, respectively. A two-dimensional (2D) absorbance distribution was calculated by applying this equation to each pixel As = À log 10 I after I before ð1Þ
The advantage of using absorbance for evaluating color density is that as long as the visible light intensity is temporally stable, the spatial distribution of light intensity and the reflection rate of the back surface (white paper here) have no effect on the calculation of color density.
Results and discussion Figure 3 shows the 2D distribution of absorbance obtained just after the UV light had been turned off. Since the stainless steel sheet was inserted on the left side in Figure 3 , the thickness of the oil film decreases toward the right side. The value of absorbance decreases with decrease in the oil film thickness.
To quantify this relationship, the absorbance in Figure 3 was integrated along the vertical direction and divided by the integration range to obtain the average distribution along the horizontal direction. The examined area is indicated by the square outline in Figure 3 . The results are plotted in Figure 4 for various time points. As shown, the absorbance is a linear function of oil film thickness. At 0 s, just after the UV light had been turned off, the difference in absorbance (0.02) corresponds to the difference in thickness (about 9 mm). This result indicates that the visualization technique based on photochromism has the potential to measure oil film thickness.
The temporal variation indicates that the coloring disappears and the oil film returns to its initial color after about 300 s. This long lifetime of coloring makes the proposed technique applicable for tracking the movement of oil film from very-low to very-high velocities. The applicable velocity range depends on the time interval between images (i.e. the frame rate of the highspeed camera). The fading reaction of spiropyran is initiated by the absorption of visible light and heat and thus it is affected by the temperature of oil film and visible light intensity used for illumination. The effect of temperature on the fading reaction is discussed in detail in the next section.
Reactions of coloring and fading
The coloring reaction of photochromism is typically caused by irradiation by light, such as UV light, whereas the fading reaction is caused by the absorption of light, mainly visible light, and heat in the case of the photochromic dye spiropyran. Therefore, the coloring and fading reactions occurred simultaneously since the UV light and the heat absorbed during the coloring reaction caused the fading reaction. In this study, the effect of UV light intensity is investigated by measuring the change of absorbance with repeated shots of a UV laser. The temperature dependence of the fading reaction rate is also investigated.
Experimental apparatus and procedure
The experimental conditions are listed in Table 2 . Figure 5 shows a schematic diagram of the experimental apparatus. In this experiment, the oil film thickness was set to a constant value of 10 mm. The longest wavelength of the absorption spectrum of Spiropyran is around 400 nm. 21 Therefore, the higher harmonics of Nd:YAG laser and a nitrogen laser are the appropriate candidates for the light source of the coloring reaction of this dye. In this experiment, a nitrogen laser, the wavelength of 337 nm, was used to cause the coloring reaction. The coloring reaction was observed by photographing the test section after each laser shot. The laser was pulsed at a frequency of 30 Hz.
The fading reaction was examined by measuring the change in absorbance after the end of the nitrogen laser illumination. In this experiment, the number of laser shots was set to one. The temperature of the oil film was set to 60°C to 100°C using a heater and thermocouples. The monochrome CMOS camera used in previous experiments and a telecentric lens were used for photographing the solution. The visible light of LED was introduced into the telecentric lens by light guide and illuminated to the test section co-axially.
Effect of UV light intensity on coloring reaction Figure 6 shows the variation of the 2D distribution of absorbance with the number of laser shots. As can be seen, the color density increases with increase in the number of laser shots. To quantify this tendency, Figure 7 shows the temporal variation of the average absorbance around the center of the image. The figure also shows the integration of the supplied energy density calculated from the energy of each laser shot and the laser illumination area. The laser illumination area was calculated from the distribution of absorbance. The results of this experiment were fitted using equation (2), which describes a first-order reversible reaction
Here, As is the absorbance, As ' is the absorbance after the completion of the reaction, k is the coloring reaction rate constant, k 0 is the fading reaction rate constant, and t is the time after the start of laser illumination. Figure 6 . Variation of absorbance distribution with number of UV laser shots at room temperature.
As shown in the graph, the absorbance increases with increase in the number of laser shots, that is, with increase in the supplied energy density. It demonstrates a trend that the color density saturates when cumulative irradiation energy of a UV light exceeds a certain criteria. This trend is thought to be the main reason for the negligible effect of the uneven illumination distribution on coloring intensity distribution. The model describes the coloring reaction rather well and can be used to estimate the energy density of the complete coloring reaction under the conditions used in the experiment. For flow visualization, coloring with one laser shot is required. It can be considered that increasing the energy density by focusing the UV light will be effective for achieving the complete coloring with one laser shot.
Effect of temperature on fading reaction Figure 8 shows the temporal variation of the absorbance distribution obtained at a temperature of 80°C after the UV laser excitation had stopped. The color density becomes very weak within 1 s at this temperature. Figure 9 shows the temporal variation of the average absorbance around the center of the image for various temperatures (60°C-100°C). As shown, the value of absorbance decreases faster as the temperature increases.
To quantify the effect of temperature, the experimental data were fitted using the following first-order reaction model
where As is the absorbance, As 0 is the absorbance at the start of the fading reaction, k 0 is the fading reaction rate constant, and t is time. The fading reaction rate constant was calculated for each temperature by applying the least-squares method. The results are plotted in the Arrhenius format in Figure 10 . A linear trend is seen in this graph, and the temperature dependence of the fading reaction rate can be quantified. The lifetime of the color density of spiropyran is very short at high temperature, allowing visualization to be conducted for only a very short time.
Flow visualization
The validity of the proposed visualization technique based on photochromism was experimentally confirmed using a practical flow. Flow at various locations was observed in a complex flow channel.
Experimental apparatus and procedure
The experimental conditions are listed in Table 3 . Figure 11 shows a schematic diagram of the experimental apparatus. The third harmonic of an Nd:YAG laser was used as the UV light source for the coloring reaction. The energy density was enhanced by focusing the laser beam to half its original diameter with a couple of collecting lenses. A monochrome camera, which was synchronized with the Nd:YAG laser, was used for photographing the solution. The test solution was 0.08 wt% spiropyran dissolved in ester oil. Figure 12 shows a schematic diagram of the flow channel, which had a constant thickness of 10 mm. The oil film was created by placing a 10-mm-thick stainless steel sheet between a flat glass plate and a flat metal plate. The flow direction was from the bottom side to the top side. The solution was supplied by a pump. The volumetric flow rate was about 1 mL/s. The illumination spots of the laser beam are shown in Figure 12 by red circles; three spots are just above the throttle and one spot is on the flow inlet. The movement of the three dots marked by the laser illumination was tracked and recorded continuously by the camera. The interval between images was set according to the movement speed of the dots, that is, the flow velocity. The velocity was calculated by dividing the distance moved by a dot in sequential images by the time interval.
Results and discussion Figure 13 shows the synthesized sequential images of three dots. The temporal movement of one spot was captured in each experiment and the obtained three results were synthesized to make these sequential images in 2D absorbance distribution. There is a wide velocity distribution in the tested flow channel. The temporal variation of the 2D absorbance shows that the center position had the fastest flow and the left position, which is located in the shadow of adjacent walls, had the slowest flow. These results indicate that the arbitrary positioning capability of laser illumination and the color spot created using the proposed method are very effective for studying the flow velocity distribution of a complex flow field. The temporal variation of the distribution of absorbance obtained by coloring the flow inlet is shown in Figure 14 . In this case, the laser light was shot at the inlet hole and thus a large amount of colored oil was produced by the photochromic reaction. The sequential images show the temporal change of the distribution of the colored oil flowing into the channel. Almost all of colored oil flowed on the right side keeping away from the throttle, confirming the capability of the proposed method. The existence of the streamlines should be mainly due to the non-uniformity in the flow coming from the imperfect finishing of the edge of the inlet hole.
Application to the optical engine
The validity of the proposed visualization technique based on photochromism was also confirmed by applying the method to flow visualization of an optical engine.
Experimental apparatus and procedure
A schematic diagram of the experimental apparatus is shown in Figure 15 . The optical engine used in the experiments was a single-cylinder, 4-stroke engine in mortared operation. The cylinder liner was made of quartz glass to allow full view of the piston motion with the lubricating oil film between the piston and cylinder liner. The engine oil used was ester-based, 5W-30 engine oil and the photochromic dye dissolved in the oil was spiropyran. In the experiments, the engine was operated at a low oil temperature of 30°C to avoid the effect of the fading reaction and a low engine speed of 600 r/min to capture images at intervals of 1°CA. Table 4 lists the main specifications of the test engine and the experimental conditions.
The optical system of the photochromic visualization system shown in Figure 15 is composed of a nitrogen laser as the UV light source for the photochromic reaction, LED lights as the flash light source for capturing images, and a high-speed camera with imagesplitting optics. The pulse signals at each crank angle obtained from the shaft encoder of the engine were sent to the high-speed camera and the controller of the LED lights to synchronize the shutter of the camera and the flashes of light. The top dead center signal from the shaft encoder was utilized to synchronize the timing of the laser shot and the start of high-speed camera operation.
To obtain the absorbance distribution with good contrast, the value of absorbance was calculated from the images of two timings, that is, before and after coloring, and two different wavelengths as 22 As = À log 10 I 2l 2
where I 1l 1 and I 1l 2 are the image intensities at wavelengths of l 1 and l 2 before coloring, and I 2l 1 and I 2l 2 are the corresponding intensities after coloring. Here, l 1 denotes the wavelength where color darkening is almost negligible, and l 2 denotes the wavelength where the greatest amount of darkening is observed. From the absorbance spectrum of solution in Figure 1 , since the color spot absorbs green light, to obtain an image of l 2 , a band-pass filter with a 512-nm center wavelength and a full width at half maximum value of 30 nm was used to enhance the darkness of the color spot. To obtain an image of l 1 , with negligible darkness of the color spot, a long-pass filter with a 645-nm cut-off wavelength was used.
To obtain the two color images simultaneously with one high-speed camera, image-splitting optics were attached between the camera lens and the high-speed camera. The image-splitting optics was composed of a dichroic mirror and two band-pass filters to obtain two images with different colors using a single image sensor.
Calculating the absorbance at two different wavelengths compensates for the effect of the cycle-to-cycle variation of the oil film thickness distribution. Since the oil film itself absorbs the visible light slightly, the false absorbance distribution and the noises resulted from the negative values appeared due to the cycle-to-cycle variation of oil film thickness. However, calculating the absorbance just by the first term of equation (4), a large noise appeared due to the difference of intensity distribution of visible light and the reflectivity distribution on the surface of the piston. Calculating the absorbance using images before and after coloring by equation (4) compensates for these effects. To achieve this, images before and after coloring should be taken at same crank angle during engine operation.
In the case of steady condition with the temporally constant oil film thickness distribution, since I 1l 1 is equal to I 2l 1 , equation (4) can be changed as equation (5) . In this case, the absorbance is calculated by the image intensity of the wavelength where the greatest amount of darkening is observed, and the absorbance distribution with good contrast can be expected As = À log 10 I 2l 2 I 1l 2 ð5Þ Figure 16 shows a schematic diagram of the piston. The imaging area of the piston surface is indicated by the red frame. The imaging area is at the anti-thrust side of the piston. For this piston, the gap of the top ring is fixed at the right side of the imaging area and the gap of the second ring is fixed at the left side of the imaging area, as indicated by white circles.
Results and discussion
In this study, a preliminary data that the laser was focused and illuminated at the center of the second land of piston with the throttle condition of wide-open are introduced. The spot size of the laser illumination was evaluated as 0.4 mm from the measurement of the diameter of coloring spot. Figure 17 shows the temporal variation of the 2D absorbance distribution from 80°BTDC (before top dead center) of the compression stroke to 86°ATDC (after top dead center) of the expansion stroke. The laser was shot at 66°ATDC of the intake stroke. A comparison of the raw image and the 2D absorbance distribution at 80°BTDC indicates that the color spot remained at the center of the second land, which implies that the movement of the oil film on the second land was very slow. To distinguish the Figure 16 . Schematic diagram of piston and imaging area of the piston surface. 22 position of the color spot easily, the positions of the top ring and second ring are indicated by the red broken lines. From the sequential images, the color spot did not move until the late phase of the compression stroke; however, slight distortion of the spot shape was found in the expansion stroke. In the 2D absorbance distributions, the noisy regions correspond to the oil ring, the second ring, the top ring, and above the piston. Since the light intensity in these regions is very low (almost zero), the absorbance in these regions could not be calculated. These regions were thus ignored.
To determine the flow direction of the oil film on the second land more clearly, the laser was shot at 66°ATDC of the expansion stroke every two revolutions (i.e. every cycle) and an image was captured simultaneously. The results are shown in Figure 18 . Due to the long lifetime of the coloring of the photochromic reaction, the movement of the oil film appears as a streak of the flow line which stretches from the center of the second land (i.e. laser illumination spot) to left direction. In the image taken 30 cycles after the first laser shot, the tip of this streak almost reaches the end gap of the second ring which is schematically indicated in Figure 16 . This implies that the flow of the second land oil film was very slow and that the driving force was supposed to be the so-called blow-by gas flow from the top ring gap to the second ring gap at the expansion stroke for a wide-open throttle. However, in order to obtain a firm consideration, we need a more experimental data which will be remained for our future study.
Conclusion
A new visualization technique for oil films based on photochromism was proposed. The following conclusions were obtained:
1. The color density created by the photochromic reaction was evaluated quantitatively in terms of absorbance. The value of absorbance was found to be proportional to the thickness of the oil film. This result confirms that the proposed visualization technique is applicable for measuring oil film thickness. 2. The effect of the UV light intensity on the absorbance (i.e. color density) was quantitatively expressed by a reversible first-order reaction model. The temperature dependence of the fading reaction rate of the spiropyran and ester oil solution was given by an Arrhenius plot. 3. The successful application of the proposed visualization technique to flow visualization of a simple flow field and the piston and cylinder of an optical engine in mortared operation confirms its validity.
The next step in this research will be to utilize the proposed technique under a wide variety of engine operating conditions to explore the flow of oil films on a piston and investigate the dominant route for oil consumption and/or oil dilution by fuel. The oil film thickness will also be tried to measure by preparing a high-power laser which has enough power to achieve a complete coloring with one shot illumination.
